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To identify ligands for orphan GPCRs, we searched novel neuropeptide genes in the Drosophila mel-
anogaster genome. Here, we describe CNMa, a novel cyclic neuropeptide that is a highly potent and
selective agonist for the orphan GPCR, CG33696 (CNMaR). Phylogenetic analysis revealed that arthro-
pod species have two paralogous CNMaRs, but many taxa retain only one. Drosophila CNMa potently
activates CNMaR-2 from Apis mellifera, suggesting both receptors are functional. Although CNMa is
conserved in most arthropods, Lepidoptera lack the CNMa gene. However, they retain the CNMaR
gene. Bombyx CNMaR showed low sensitivity to Drosophila CNMa, hinting toward the existence of
additional CNMaR ligand(s).
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Signaling between regulatory peptides and G protein-coupled
receptors (GPCRs) is important for many biological processes, such
as development, metabolism, reproduction, and behavior. Bioinfor-
matic analysis of the Drosophila melanogaster genome identiﬁed
200 GPCRs, 49 of which are predicted to have peptides as ligands
[1–3]. Among the peptide GPCRs, 14 GPCRs are classiﬁed as orphan
GPCRs, the ligands of which have not yet been identiﬁed. Similarly,
there are 44 peptide precursor genes in the genome, among which
more than 11 peptides from 8 peptide precursor genes have not yet
been paired with a receptor. Some of these peptides likely function
through non-GPCR type receptors. For example, insulin-like pep-
tides and prothoracicotropic hormone act through tyrosine recep-
tor kinases [4,5], and eclosion hormone acts on a guanylyl cyclase
receptor [6]. In addition, some GPCRs have multiple ligands. For
example, Drosophila sex peptide receptor (SPR) recognizes two dis-
tantly related groups of peptide ligands, sex peptide (SP) and myo-
inhibitory peptides (Mip) [7–9]. Thus, orphan GPCRs outnumber
the currently known signaling peptides, suggesting that there aresignaling peptides yet to be identiﬁed, even in the Drosophila gen-
ome. The same is true in other animal species, including humans.
Here, we identiﬁed a novel peptide precursor gene that encodes
a single copy of a mature peptide, named CNMa, after its C-termi-
nal ending motif. Biochemical analysis using a heterologous GPCR
assay showed that the predicted CNMa peptide is a highly potent
and selective agonist for an orphan GPCR, CG33696 (CNMaR),
further conﬁrming that CNMa is indeed a functional ligand. In
addition, an antibody raised against the mature CNMa peptide con-
ﬁrmed its presence in brain neurons. Phylogenetic analysis of
CNMaR suggests a gene duplication event occurred early in arthro-
pod evolution, and implicates the existence of additional ligands
for CNMaRs in some insect species, particularly those lacking the
gene for CNMa.
2. Materials and methods
cDNA clones for D. melanogaster CG33639 (IP11344), CG13229
(AT19640), CG33696 (RE32713) are obtained from Drosophila
Genomics Resource Center (DGRC), Indiana University. The mouse
codon-optimized ORF clone of ApmCNMa (NCBI accession number,
XP_006570731) was custom synthesized (Bioneer, Korea). For CHO
cell expression, full coding sequences from those clones were
cloned into pcDNA3.1(+) (Invitrogen). Plasmids for SPR, human
codon optimized aequorin, three chimeric Ga-qs, and wild-type
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provided by H. Kataoka (University of Tokyo) [10]. The procedures
used for the receptor assays were described previously [8]. HPLC-
puriﬁed synthetic peptides (Table S1) were obtained from Anygene
(Korea).
To generate the antibody against Drosophila CNMa (anti-
DmCNMa#4), a synthetic peptide antigen (CGQYMSPCHFKICNM-
amide, a disulﬁde bridge between underlined C) was conjugated
with keyhole limpet hemocyanin through cysteine residue at its
N-terminus. For immunohistochemistry, the CNS was ﬁxed for
1–2 h at room temperature in 4% paraformaldehyde in PBS. The tis-
sues were incubated in a primary antibody (1:500 for anti-
DmCNMa#4) for 48 h at 4 C, and in a secondary antibody
(1:1000 for Alexa 568-conjugated goat anti-mouse; Invitrogen,
A11004) for 24 h at 4 C.
All ﬂies were raised on standard condition. nSynb-Gal4, carrying
UAS-Dicer2, was provided by B.J. Dickson. UAS-CNMa-IR (VDRC
Transformation IDs, 104599) was obtained from the Vienna Dro-
sophila RNAi stock center (VDRC).
For phylogenetic analysis, see Supplemental Information.
3. Results and discussion
To uncover novel signaling peptides, we performed in silico
analysis of D. melanogaster protein entries (for details, see Supple-
mental Information) and identiﬁed CG13936 as a candidate.
CG13936 is predicted to encode two different precursor proteins,
CG13936-PB and CG13936-PD, through differential mRNA splicing
(www.ﬂybase.org). Both variants are highly similar, and each pro-
duces one putative mature peptide (shown in bold font in Fig. 1A),
which is deﬁned by ﬂanking dibasic cleavage sites (combinations
of K and R; underlined in Fig. 1A). The putative peptides carry a
canonical amidation site at its C-terminal end (the underlined bold
G in Fig. 1A), indicating that they have an amidated C-terminus. In
addition, the putative mature peptides also have two cysteines
(underlined bold Cs in Fig. 1A) enveloping four amino acids, sug-
gesting that these become cyclized by a disulﬁde bond. The matureFig. 1. CNMa in Drosophila melanogaster and other arthropod species. (A) Two precurs
cleavage sites (underlined RK or KK); the C-terminal site contains the amidation signal (
bond. (B) Amino acid sequence alignment shows that the consensus between the sequen
putative mature peptides reside (marked with asterisks). Identical amino acids are hig
introduced for alignment. (C) An alignment showing all CNMas predicted from sequencCG13936-PB peptide, but not the CG13936-PD peptide, has a glu-
tamine at the N-terminus, which is often converted into pyroglu-
tamic acid [11]. Because the N-terminal modiﬁcation confers a
selective advantage by enhancing resistance to aminopeptidase
degradation [12], we assumed the putative PB peptide is likely a
major isoform. Further biochemical analysis is required to conﬁrm
this prediction. We named this group of peptides ‘CNMa’.
CNMa precursors were identiﬁed in the genome and/or tran-
scriptome databases of many arthropod species, including major
insect orders, although despite extensive analysis, we did not iden-
tify genes encoding CNMas in any Lepidopteran species, such as
Bombyx mori and Danaus plexippus. Sequence comparisons among
the precursor sequences of several representative species revealed
a striking conservation, particularly in the region where the pre-
dicted mature peptide sequences reside (Fig. 1B). Furthermore,
the C-terminal amidation sites and two cysteines are also well con-
served in all identiﬁed CNMa peptides (Fig. 1C), indicating their
functional signiﬁcance.
To conﬁrm that CNMa encodes a functionally active peptide, we
synthesized D. melanogaster CNMa predicted from the PB variant,
with N-terminal pyroglutamic acid, C-terminal amidation and a
disulﬁde bridge between the two cysteines. We then used a heter-
ologous GPCR assay system to assess the ability of the peptide to
activate a small panel of related orphan GPCRs: CG33639,
CG13229, and CG33696 (aka CG16726). We expressed each recep-
tor together with the Ca2+ reporter aequorin in CHO cells, and mon-
itored [Ca2+]i elevation following peptide treatments. In this assay,
CHO cells expressing the orphan GPCR CG33696 showed a signiﬁ-
cant response to CNMa, whereas cells expressing either CG33639
or CG13229 did not (Fig. 2A), suggesting that CG33696 is a receptor
for CNMa. Phylogenetic analysis showed that the sex peptide
receptor (SPR, aka CG16752) is distantly related to CG33639 (see
below). Intriguingly, at a high concentration (10 lM), CNMa acti-
vated SPR moderately, although its potency was much lower than
that of the known SPR ligands, SP and Mip (Fig. 2A). Nevertheless,
residual activity toward SPR supports that CG33696 shares a com-
mon evolutionary ancestry with SPR.ors predicted in FlyBase. The putative mature peptide (bold) is ﬂanked by dibasic
underlined GRK). Note the pair of cysteine residues that potentially form a disulﬁde
ces of CNMa precursors from six different arthropod orders occurs only where the
hlighted in black and conserved amino acids are in light gray. Dots indicate gaps
es captured by BLAST search.
Fig. 2. CG33696 encodes a highly selective and sensitive receptor for CNMa. (A) Luminescence (LU) produced by CHO cells expressing the indicated GPCR, aequorin, Ga-q and
three chimeric G-proteins (Ga-qs, Ga-qi, or Ga-qo) following exposure to either ATP (50 lM) or various peptide ligands (10 lM). Luminescence values are normalized against
those produced in response to ATP (100%). SP, sex peptide; Mip4, myoinhibitory peptide 4. (B) Luminescence produced by CHO cells expressing indicated CG33696
(DrmCNMaR), aequorin and Ga-q following exposure to various peptide ligands (10 lM), normalized against the response to 10 lM CNMa. For details regarding peptide
ligands, see Table S1. (C–E) Dose–response curves of CHO cells expressing indicated CNMaR, aequorin and Ga-q, and treated with CNMa. All data points are the means + S.D.
(n = 4).
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receptor with 19 other signaling peptides, some of which have
yet to be linked to a receptor (e.g., orcokinins and neuropeptide-
like peptides 1, 2, and 3). When exposed to 10 lM concentrations
of these peptides, CG33696 did not show any measurable [Ca2+]i
responses to any of the tested peptides except CNMa (Fig. 2B). Sub-
sequently, we examined the dose–response relationship between
CNMa and CG33696, and found that CNMa is a highly potent ligand
for CG33696, with an EC50 of 7.1 nM (Fig. 2C), which is comparable
to that of other peptide-receptor interactions with established
physiological relevance (e.g., SP has an EC50 of 2.6 nM for SPR)
[7]. These results demonstrate that CG33696 is a highly selective
and sensitive receptor for CNMa, and henceforth we refer to
CG33696 as a CNMa receptor (CNMaR).
Like CNMa, the CNMaR gene is also widely conserved in arthro-
pod genomes. To understand the relationship among CNMaRs from
different species, we constructed phylogenetic trees of CNMaRs
and related GPCRs using four different methods: UPGMA, maxi-
mum parsimonious, neighbor joining, and maximum likelihood
trees [13,14]. We found that different methods of tree construction
produced slightly different results. In the UPGMA tree (Fig. 3), most
clusters were supported by >80% bootstrap values in 500 repli-
cates. The other three methods reported that the CNMaR clade also
includes the Aplysia californica sequences, which was separated as
an out-group in the UPGMA tree, with low bootstrap values (<30%).
Regardless, all four methods identiﬁed two separate CNMaR
clades: CNMaR-1 and -2 (Fig. 3).It is noteworthy that many hymenopteran species (gray boxes)
carry both CNMaR-1 and -2, indicating they are paralogous to one
another (marked by ﬁlled circles in Fig. 3). An exception was
observed in Apis mellifera, which contains CNMaR-2 but not
CNMaR-1.Mosquito species also have two CNMaRs, but both belong
to the CNMaR-1 clade. For example, Anopheles gambiae has two
genes in the CNMaR-1 clade, which occur in a tandem repeat within
10 kb of the genomic region. The genomes of other mosquito spe-
cies, such as Aedes agypti and Culex quinquefasciatus, also revealed
multiple copies of CNMaR-1, but were not included in our analysis
due to ambiguities in the genome assembly potentially containing
allelic contigs or scaffolds. The phylogenetic locations of mosquito
CNMaRs suggest that additional gene duplication took place at the
base of mosquito speciation, after the divergence of CNMaR-1 and
CNMaR-2. All remaining species, however, have either CNMaR-1
or -2. Lepidopteran, Dipteran, Pediculus, and Acyrthosiphon species
have only CNMaR-1, whereas Tribolium, crustaceans and arachnids
possess CNMaR-2 alone. An exhaustive search of the most updated
set of databases was performed to ensure that the lost branches in
the tree are due to their true absence. Based on these results, we
concluded that ancestral duplication followed by a relatively late
phase of independent deletions of either CNMaR-1 or -2 in different
lineages resulted in the current phylogenetic distribution of
CNMaRs. Multiple duplications and deletions of the CCAP receptor
in different lineages of insects were previously described [15].
To conﬁrm that genes belonging to the CNMaR-2 clade encode a
functional receptor for CNMa, we expressed A. mellifera CNMaR
Fig. 3. Phylogenetic analysis of CNMaR. The evolutionary relationships revealed by the tree generated by the UPGMA method. Evolutionary distances were computed using
the Poisson correction method of amino acid substitutions per site. Branches marked by ﬁlled squares were supported by >80% bootstrap values in 500 replicates in this tree.
CNMa receptors are clustered into two clades, CNMaR-1 and CNMaR-2, based on the phylogeny. The CNMaR of D. melanogaster is boxed. Several species of Hymenopteran
taxa (in the brackets) were found to carry both CNMaR-1 and -2 paralogs (ﬁlled circles in front of the taxa name).
Fig. 4. CNMa expression in the adult Drosophila CNS. (A) The schematic diagram shows CNMa-immunoreactive neurons in the brain (upper) and the VNC (lower). Filled or
open circles indicate neurons located anteriorly or posteriorly in the brain or ventrally or dorsally in the VNC, respectively. Dotted boxes delineate areas of the CNS, shown in
panel (B). The numbers in the dotted box correspond to the numbers in the panel (B). (B) Confocal images from the brain (B1–4) and the VNC (B5–8) of wild-type adults
stained with the anti-CNMa antibody. Arrowheads indicate soma labeled with the antibody. (C) Confocal images from the brain (C1) and the VNC (C2) of CNMa-RNAi (UAS-
Dicer2, nSyb-Gal4, and UAS-CNMa-IR) stained with anti-CNMa. Note the overall attenuation (arrowheads) or loss of anti-CNMa staining after neural knockdown of CNMa. The
brain and VNC are shown in dorsal and anterior side up images, respectively. Scale bars, 20 lm.
2040 S.-H. Jung et al. / FEBS Letters 588 (2014) 2037–2041
S.-H. Jung et al. / FEBS Letters 588 (2014) 2037–2041 2041(ApmCNMaR) in CHO cells and assessed whether Drosophila CNMa
could induce [Ca2+]i responses. Like DrmCNMaR, which belongs to
the CNMaR-1 clade, ApmCNMaR was highly sensitive to CNMa
with an EC50 of 5.8 nM (Fig. 2D), suggesting that receptors in the
CNMaR-2 clade are indeed functional receptors for CNMa.
The phylogenetic distribution patterns of a ligand peptide and
its GPCR receptor usually support coevolution of the ligand–recep-
tor pair. Interestingly, however, we observed a noticeable disparity
in the phylogenetic distributions of CNMa and CNMaR: the CNMaR
gene occurs in Lepidopteran species (B. mori and D. plexippus),
whereas the CNMa peptide gene is absent. Thus, we examined
whether the gene for the B. mori CNMaR (BomCNMaR, aka BNGR-
A18) encodes a functional receptor for CNMa. In our GPCR assay,
BomCNMaR exhibited only a weak sensitivity to CNMa, with an
EC50 almost 200 times higher than that of the other two tested
CNMaRs (Fig. 2E). This observation suggests that BomCNMaR has
evolved as a receptor for another yet unknown peptide ligand(s),
concomitantly losing the ability to interact with CNMa. Thus, the
ligand for BomCNMaR remains unknown.
We then examined the expression pattern of CNMa and CNMaR
using the modENCODE Tissue Expression Data archived in FlyBase
(http://ﬂybase.org), and found that both ligand and receptor tran-
scripts were expressed in the adult brain. We then generated an
antibody against CNMa, and used it to stain the adult Drosophila
central nervous system. Approximately 60 and 57 neurons were
labeled in the brain and ventral nerve cord (VNC), respectively
(Fig. 4A). To conﬁrm that the immunostaining was speciﬁc to
CNMa, we examined anti-CNMa immunoreactivity in the CNS from
CNMa-RNAi adults (nSynb-Gal4, UAS-Dicer2, and UAS-CNMa-IR), and
found that CNMa immunoreactivity in the brain and VNC cells was
abolished or greatly attenuated (Fig. 4C). These results demon-
strate that the processed and mature CNMa peptide is present in
the central nervous system.
Since CNMa is expressed in the nervous system, we explored
the biological functions of CNMa signaling in major behavioral par-
adigms. After knocking down CNMa or its receptor in the nervous
system using transgenic RNAi, we examined male courtship behav-
iors, female reproductive behaviors (the mating rate, egg-laying,
and re-mating rate) and waking activities during day and night
periods. In all examined behaviors, RNAi ﬂies were indistinguish-
able from control (not shown). Thus, at present, the function of
CNMa signaling remains undetermined.
In this study, we identiﬁed a novel class of the peptidergic sig-
naling system that evolved speciﬁcally in arthropods, a major
group of animal species. Comparative analysis of this signaling sys-
tem offers important insight into how the regulatory peptide and
its GPCR have evolved.
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